ABSTRACT The effects of receptor activation were studied on the interaction of perhydrohistrionicotoxin (H12rHTX) with the ionic channel of the nicotinic acetylcholine (AcCho) receptor in membranes from the electric organ of Torpedo.ocellata and with the endplate region of the soleus muscle of the rat. In Toipedo membranes, the initial rate (i.e., within 30 The acetylcholine (AcCho) receptor of muscle endplate and fish electric organs is an intrinsic protein of the postsynaptic membrane which, upon binding of AcCho, induces transient depolarization of the postsynaptic membrane as a result of activation of ionic channels into conductive or open states (1, 2). AcCho-receptor proteins have been isolated from the electric organs of the electric ray, Torpedo, and the electric eel, Electrophorus, and many of their biochemical properties have been studied (for recent reviews see refs. 3 and 4). While it is-agreed that the AcCho receptor and the ionic channel are coupled in the membrane, it is still unclear whether the receptor binding sites and the ionic channel sites are on subunits of the same molecule or are on adjacent interacting molecules (5-7). Biochemical study of this system has been facilitated by the discovery that certain drugs and toxins bind specifically to sites on the AcCho receptor or on its ionic channel. Histrionicotoxin (HTX), an alkaloid isolated from skin secretions of the Colombian frog Dendrobates histrionicus, was found to bind selectively to the ionic channel of the AcCho receptor (8, 9). In electrophysiological studies, HTX was found to react with the ionic channel in both closed (i.e., resting) and open (i.e., active) conformations (2, 10). MATERIALS AND METHODS Membrane Preparation. The electric organ of Torpedo ocellata (collected from the Mediterranean and stored at -90'C for up to 6 months) was homogenized in an equal volume of an ice-cold solution of 10 mM Tris-HCl, pH 7.4, containing 1 mM Na2EDTA, 0.02% NaN3, 0.1 mM diisopropylfluorophosphate (iPr2-P-F), and 0.1 ,uM phenylmethylsulfonyl fluoride. The pellets of a 10-min centrifugation at 5000 X g were resuspended in the same buffer and respun at 5000 X g
as well as the rate of 22Na+ influx, which may reflect desensitization of the AcCho-receptor. d-Tubocurarine inhibited the agonist-mediated acceleration of [3HJH,2-HTX binding and yNa+ influx. In the soleus muscle endplate, H-rHTX inhibited the transient depolarization induced by microiontophoretic application of AcCho; the more receptors activated and channels opened, the stronger was the inhibition by HirHTX. These findings suggest that H1rHTX binds to closed and open ionic channels, with a preference for the latter conformation. It is also suggested that the conformational changes associated with activation or desensitization of the receptor can be monitored by studying binding of [3H] HirHTX to the ionic channel sites as well as by the AcCho-receptor-regulated 22Na+ influx.
The acetylcholine (AcCho) receptor of muscle endplate and fish electric organs is an intrinsic protein of the postsynaptic membrane which, upon binding of AcCho, induces transient depolarization of the postsynaptic membrane as a result of activation of ionic channels into conductive or open states (1, 2) . AcCho-receptor proteins have been isolated from the electric organs of the electric ray, Torpedo, and the electric eel, Electrophorus, and many of their biochemical properties have been studied (for recent reviews see refs. 3 and 4). While it is-agreed that the AcCho receptor and the ionic channel are coupled in the membrane, it is still unclear whether the receptor binding sites and the ionic channel sites are on subunits of the same molecule or are on adjacent interacting molecules (5-7). Biochemical study of this system has been facilitated by the discovery that certain drugs and toxins bind specifically to sites on the AcCho receptor or on its ionic channel. Histrionicotoxin (HTX), an alkaloid isolated from skin secretions of the Colombian frog Dendrobates histrionicus, was found to bind selectively to the ionic channel of the AcCho receptor (8, 9) . In electrophysiological studies, HTX was found to react with the ionic channel in both closed (i.e., resting) and open (i.e., active) conformations (2, 10) . The action of HTX on the open channel has been shown to be directly dependent upon the degree of agonist-mediated receptor activation (2, 8, 10) . Tritiated perhydrohistrionicotoxin ([3H]H12-HTX), which has similar effects to HTX (7) , was used as a specific probe for the in vitro identification of the ionic channel of Torpedo electric organ (6, 7 MATERIALS AND METHODS Membrane Preparation. The electric organ of Torpedo ocellata (collected from the Mediterranean and stored at -90'C for up to 6 months) was homogenized in an equal volume of an ice-cold solution of 10 mM Tris-HCl, pH 7.4, containing 1 mM Na2EDTA, 0.02% NaN3, 0.1 mM diisopropylfluorophosphate (iPr2-P-F), and 0.1 ,uM phenylmethylsulfonyl fluoride. The pellets of a 10-min centrifugation at 5000 X g were resuspended in the same buffer and respun at 5000 X g Abbreviations: AcCho, acetylcholine; Carb, carbamoylcholine; HTX, histrionicotoxin; H12-HTX, perhydrohistrionicotoxin; dTC, d-tubocurarine; iPr2P-F, diisopropylfluorophosphate.
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for 10 min; then the supernatants were combined and centrifuged at 30,000 X g for 60 min. The pellets were resuspended in 10 mM Tris*HCl, pH 7.4/0.02% NaN3/0.1 mM iPr2P-F, at a protein concentration of 1-2 mg/ml, as determined by the method of Lowry et al. (12) (Fig. 1) . Pretreatment Table 1 ). The second depolarization was depressed to 79% of the first depolarization when the duration of the AcCho pulse was 0.05 msec, and depression increased when longer pulses were used, reaching 19% of the first depolarization after a 5-msec pulse. Thus, the longer the pulse duration, the more the AcCho released and the stronger the depression of AcCho sensitivity (Table 1) . This relationship was evident whether the second or fifth depolarization was compared to the first. It suggested that the more channels were activated by the action of AcCho the stronger was the inhibiting effect of H12-HTX, and that therefore H12-HTX interacted with the activated ionic channel, in addition to its previously described interaction with the closed ionic channel measured in denervated muscle in the absence of AcCho (10 (Fig. 1) . It is interesting to note that the decrease in 22Na+ uptake by high concentrations is less than the decrease in the rate of [3H]H12-HTX binding (Fig. 1) . However, when the microsacs were preincubated with Carb for a period prior to the influx measurements, a reduction in flux activity was observed with Carb concentrations as low as 1 uM (Fig. 2A) . The reduction of total influx as well as the rate of its onset were positively correlated with the concentration of the agonist. Preexposure of Torpedo membranes to Carb also reduced the initial rate of [3H]H12-HTX binding in a time-dependent manner (Fig. 2B) , and was evident even with as little as 1 ,uM Carb. (Fig. 3) . This result confirms the action of dTC at these concentrations as a competitive antagonist of receptor function. The rate of [3H]H12-HTX binding in presence of 1 MM Carb was also reduced by dTC in a dosedependent manner (Fig. 4) . However, dTC alone at 10 H12-HTX inhibited receptor-activated ionic fluxes in a dosedependent manner (Fig. 5) . At Al of buffer and 100MgM Carb, and the uptake was measured after 30 sec. A low concentration of Carb was included during the preincubation with H12-HTX because of the slow rate of H12-HTX interaction with the ion channel in the absence of a receptor activator. At 1 MM, Carb causes relatively little desensitization ( Fig. 2A) or 22Na+ influx (Fig. 1) . Each symbol and vertical line represent the mean SD of three experiments. the channel sites rather than through an effect on the receptor sites. DISCUSSION It is evident that [3H]H12-HTX can be utilized as a biochemical probe to monitor states of activation, inactivation, and desensitization of the AcCho receptor-channel complex that are affected by binding of ligands to the AcCho-receptor sites. There is good correlation between Carb-stimulated 22Na+ influx into Torpedo microsacs and the initial rate of the binding of [3H]-H12-HTX in several parameters. Carb stimulates uptake of 22Na+ and accelerates [3H]H12-HTX binding at similar concentrations. Both events, however, seem to be inhibited with desensitizing concentrations of Carb (Fig. 2) or by the presence of dTC (Figs. 3 and 4) . The correspondence between the effects of the same Carb concentrations in stimulating 22Na+ influx and initial rate of [3H]H12-HTX binding, as well as the inhibition of AcCho-receptor-activated 22Na+ flux by inhibitors of both the AcCho-receptor sites and the ionic channel sites ( Fig.  5; refs. 7, 13, 14 Earlier biochemical evidence for allosteric interactions between ionic channel sites and AcCho-receptor sites were based on the finding of increased [3H]AcCho binding (16, 17) , or changes in the fluorescence of ligands bound (18, 19) (20, 21) , a property common to several toxins and drugs that interact with the ionic channel (2) . Thus, dTC inhibition of the AcCho receptor-regulated 22Na+ influx may result from one or both of these actions.
It has been suggested that agonist association with, and dissociation from, the AcCho receptor is rapid, whereas conversion of the agonist-receptor complex to the desensitized state is much slower (22 (26) . The inhibition of stimulated [3H]Hl2-HTX binding (Fig. 2B ) and the 22Na+ uptake ( Fig. 2A) (15, 27, 28) .
In comparing the present flux data with previous reports, we find that in other studies higher concentrations of Carb were required to detect desensitization-e.g., 100 MM (15)-compared to as low as 1 MM in our case. The half-time for the initial detectable phase of desensitization with 100 MM Carb was calculated in one case to be t3.3 min (28) , whereas in our study it was too fast to measure, clearly shorter than 20 sec. This is closer to the estimate of 1.9 sec for receptor desensitization detected by electron spin resonance studies of the binding of the nitroxide analog of decamethonium to Torpedo receptors (25) . The half-life for desensitization observed in 22Na+ influx studies was calculated to be as low as 3 sec after exposure to 200 MuM Carb for only 1 sec (15) . These differences may be due to the fact that preloading with 22Na+ for 6-24 hr (27, 28) is necessary in the 22Na+ efflux studies but not in the influx studies (15) used in the present study. Also, the temperature at which fluxes were monitored varied from 40C (15,27,29.) to 220C (the present study). 
